Ultrasonic fatigue testing was conducted for high-strength steel using enlarged specimens with a straight section. The results showed good agreement with conventional servo-hydraulic fatigue test results under conditions where fish-eye fracture occurs, showing the validity of ultrasonic fatigue testing using the enlarged specimens. When the results were compared with those using conventional specimens, size effects were clearly observed: enlarged specimens showed lower fatigue strength due to appearance of larger inclusions in the fish-eye fracture origin.
Introduction
High-strength steels show fatigue failure in gigacycle regions due to elimination of a conventional fatigue limit. This phenomenon is called gigacycle fatigue (GCF) or very high cycle fatigue (VHCF), and actively researched in recent years [1] [2] [3] [4] [5] . The fatigue failure in the gigacycle regions is mainly caused by fish-eye fracture (internal fracture), so fish-eye fracture is a key to understand the gigacycle fatigue of high-strength steels. A recent research found that size effects were relatively large in case of the fish-eye fracture of high-strength steels [6, 7] . In this case, the fatigue strength fell when the fatigue tests were conducted using large specimens. Fish-eye fracture of highstrength steels originates mostly from an inclusion and the inclusion size largely affects the fatigue strength. Hence, the large size effects could relate to the inclusion size of the fish-eye fracture origin.
On the other hand, ultrasonic fatigue testing [8] [9] [10] [11] [12] is a powerful tool to evaluate the gigacycle fatigue properties. The ultrasonic fatigue testing realizes extremely high frequency of 20 kHz, which achieves 10 9 cycles in one day instead of the 3 months needed with a conventional 100-Hz fatigue testing. Although the validity of the ultrasonic fatigue testing has been debated for a long time, recent research has clearly demonstrated its validity in case that fish-eye fracture occurs in high-strength steels [6, [13] [14] . Namely, the results of ultrasonic fatigue testing show good agreement with those of the conventional 100 Hz fatigue testing under conditions where fish-eye fractures occur in high-strength steels. This conclusion supports the use of the ultrasonic fatigue testing in evaluating gigacycle fatigue properties of high-strength steels since the fish-eye fracture is a major cause of gigacycle fatigue failure in high-strength steels.
In this research, the ultrasonic fatigue testing was used to investigate the size effects on the fish-eye fracture of high-strength steels. This investigation required us to enlarge specimens since typical specimens used in the ultrasonic fatigue testing were hourglass-shaped and relatively small. In enlarging the specimens, not only the diameter was increased but also a straight section was introduced at the minimum diameter section. The introduction of a straight section effectively increases a risk volume [15] . The risk volume, which is an effective size of the specimen, is a measure of the size of the region in which high stress acts in a fatigue test specimen. Consequently, this research consisted of two steps. In the first step, validity of the ultrasonic fatigue testing using the enlarged specimens was checked by comparing the results between ultrasonic and conventional fatigue testings. In the second step, the size effects were investigated by conducting the ultrasonic fatigue testing using the enlarged and conventional specimens.
Experimental Procedure
The steel used was JIS-SCM440 (AISI-4140) low-alloy steel whose chemical compositions were 0.43C-0.19Si-0.81Mn-1.16Cr-0.16Mo expressed as mass %. Ingots of these steels were melted under vacuum on a laboratory scale and forged into round bars 20 mm in diameter. Heat treatment after forging consisted of quenching and tempering. The quenching conditions were oil-cooling after holding at 1153 K for 30 minutes, and the tempering conditions were air-cooling after holding at 473 K for 60 minutes. The microstructure after the heat treatment was tempered martensite, and the Vickers hardness was HV604. Figure 1 shows the specimens used in fatigue tests. The large φ8 x 10 mm specimen with a straight section was used for ultrasonic fatigue testing. Even in case of ultrasonic fatigue testing, stress distribution in the straight section is almost uniform, i.e. difference of stress amplitude in the straight section is so small as to be negligible [16] [17] . The ultrasonic fatigue test results were compared with conventional servo-hydraulic fatigue test results using the φ6 x 14 mm specimen. The ultrasonic fatigue testing was conducted also using φ7 and φ3 mm hourglass-shaped specimens to investigate the size effects. The risk volumes, estimated as the region subjected to above 90 % of maximal stress, were 781 mm 3 for the φ8 x 10 mm specimen, 611 mm 3 for the φ6 x 14 mm specimen, 254 mm 3 for the φ7 mm specimen and 33 mm 3 for the φ3 mm specimen. The narrowed area of the all specimens was finished with 1 μm grit powder to completely remove any machining flaws.
The ultrasonic fatigue testing was conducted at 20 kHz up to over 5 x 10 9 cycles. In this case, the runout (a) φ8 10 mm specimen (ultrasonic) (b) φ6 14 mm specimen (servo-hydraulic) (c) φ7 mm specimen (ultrasonic) (d) φ3 mm specimen (ultrasonic) Fig. 1 Profiles of fatigue test specimens in mm.
specimens were forcibly fatigue-fractured at higher stress amplitude to check the inclusion sizes on the fracture surface [13] . The ultrasonic fatigue testing system used in these tests was a conventional type without load frame to superimpose a static load, so the ultrasonic fatigue tests were conducted under a fully reversed loading condition, i.e. R=-1. This system was capable of providing 73 μm of displacement amplitude in maximal, which yield 1117 MPa of stress amplitude in the φ8 x 10 mm specimen when the Young's modulus and density are 207 GPa and 7.85 g/cm 3 , respectively. The specimens were air-cooled to suppress any temperature increase during ultrasonic fatigue testing. Moreover, when using the φ8 x 10 and φ7 mm specimens, ultrasonic fatigue testing was conducted in an intermittent manner [10] [11] [12] to suppress any temperature increase. The intermittent testing conditions were designed to maintain the specimen's surface temperature at below 303 K. The servo-hydraulic fatigue testing was conducted at below 20 Hz up to around 10 7 cycles. The stress ratio was R = -1 and the environment was at room temperature in air. The fracture surfaces after the fatigue tests were observed with a scanning electron microscope (SEM), and in case of fish-eye fracture, the origin was analyzed by an energy-dispersive x-ray spectroscopy (EDX). Figure 2 shows the fatigue test results for specimens with a straight section, comparing between ultrasonic and servo-hydraulic fatigue testings. The risk volume in the ultrasonic fatigue testing was almost equal to that in the servo-hydraulic fatigue testing, so the comparison in Figure 2 is fair. After the servo-hydraulic fatigue testing, the steel revealed surface fractures at high stress amplitudes and fish-eye fractures at low stress amplitudes. The ultrasonic fatigue testing was conducted at low stress amplitudes, at which the steel developed fish-eye fractures. In these tests, ultrasonic fatigue testing showed good agreement with the servo-hydraulic fatigue testing. This result supports the validity of ultrasonic fatigue testing using enlarged specimens with a straight section, at least in cases where fish-eye fractures occur in high-strength steel. Figure 3 shows typical fracture surfaces at around the fish-eye fracture origin. Most of the fish-eye fracture origins were an Al 2 O 3 inclusion, as seen in Figure 3 (a). The Al 2 O 3 inclusion sizes in √area [15] ranged from 18 to 88 μm. In a few cases, the fish-eye fracture origins revealed no inclusion, as seen in Figure 3 (b) . In these cases, the fish-eye fracture origin was the matrix itself [18] [19] . Most of the matrix-originating types of fish-eye fracture appeared in servo-hydraulic fatigue testing, in which stress amplitudes were relatively high. Figure 4 shows locations of a fish-eye fracture origin in ultrasonic fatigue testing both in radius and in longitudinal directions, plotted against stress amplitude. In Figure 4 , the fish-eye fracture origins are located at random. These results meant that an effect of internal temperature increase of specimens was negligible and calculation of stress distribution was valid. When the effect of internal temperature increase was not negligible, the fish-eye fracture origins would concentrate at around a center of specimens in the radius direction, i.e. in the ultrasonic fatigue testing, although surface temperature of specimens was checked, the internal temperature could not be checked. On the other hand, when the calculation of stress distribution was not valid, the fish-eye fracture origins would concentrate at around center in the longitudinal direction. However, such concentrations were not observed in Figure 4 . These results also support the validity of ultrasonic fatigue testing using enlarged specimens with a straight section. Figure 5 shows ultrasonic fatigue test results for specimens of various sizes. In this case, the steel revealed fisheye fractures in all specimens. Although the fish-eye fracture origins were either an Al 2 O 3 inclusion or the matrix, most were an Al 2 O 3 inclusion. The fatigue strength showed a clear dependency on the specimen sizes, i.e., the larger Locations of a fish-eye fracture origin in ultrasonic fatigue testing using enlarged specimens with a straight section. GL indicates an edge of the straight section and 0.9 σa indicates a cross-section suffering from 90 % of the maximal stress amplitude.
Results and Discussion

Fatigue test results for specimens with a straight section
Ultrasonic fatigue test results for specimens of various sizes
the specimen, the lower the fatigue strength. This size effect was too large an effect to neglect. When the fatigue strengths were estimated at around 5 x 10 9 cycles, the results of the φ8 x 10 mm specimen revealed 560 MPa, in contrast to 740 MPa for the φ3 mm specimen's result. The risk volume of the φ8 x 10 mm specimen was about 20 times greater than that of the φ3 mm specimen. Therefore, a 20-fold increase in the risk volume resulted in about a 25 % degradation of the fatigue strength. Figure 6 shows the inclusion sizes at the fish-eye fracture origins. The inclusion sizes were also in proportion to the specimen sizes. Large specimens tended to reveal a large inclusion at the fish-eye fracture origin, suggesting that degradation of fatigue strength is caused by larger inclusion sizes at the fish-eye fracture origin. It is thus possible to explain the mechanism of the size effect as follows. When the risk volume of specimens is increased, the probability of existence of large inclusions in the risk volume also increases. As a result, large inclusions tend to appear at the fish-eye fracture origin, leading to degradation of fatigue strength. 6 Al2O3 inclusion sizes at the fish-eye fracture origin plotted on a Gumbel probability paper.
As described above, large size effects were observed in case of fish-eye fracture of high-strength steel. This means that the ultrasonic fatigue testing using large specimens can be strongly recommended when conducting gigacycle fatigue tests of high-strength steel. In the case of high-strength steel, due to the large size effect, small specimens results in a higher fatigue strength being reported than is actually the case. It is thus safer, when designing mechanical components, to use large specimens for obtaining gigacycle fatigue test data.
Conclusion
Ultrasonic fatigue testing was conducted for high-strength steel using large specimens with a straight section. In order to confirm their validity, the results were compared with those obtained by conventional servo-hydraulic fatigue testing. Ultrasonic fatigue testing was also conducted using smaller specimens to investigate the size effects.
Findings of this research are listed below. 1. The high-strength steel used in this research developed fish-eye fractures. Although a few fish-eye fracture origins were the matrix itself, most of them were an Al 2 O 3 inclusion. 2. The ultrasonic fatigue test results from enlarged specimens with a straight section showed good agreement with the results of conventional servo-hydraulic tests in case where fish-eye fracture occur. 3. Ultrasonic fatigue testing for specimens of various sizes showed that fatigue strength fell in proportion to increased specimen sizes. The degradation of the fatigue strength was too large an effect to neglect. 4. The inclusion sizes at the fish-eye fracture origins increased in proportion to increased specimen sizes, suggesting that this enlargement of inclusion sizes is what causes the degradation of fatigue strength. 5. These results suggest that ultrasonic fatigue testing using large specimens is strongly advisable when conducting gigacycle fatigue tests of high-strength steel.
